A maxillofacial prosthesis is a successful treatment modality to restore missing facial parts. Digital technologies and 3D printing are employed in constructing facial prostheses such as ears; however, their application is still partial, and final prostheses are usually manufactured conventionally using stone molds. This report aims to introduce a complete digital workflow to construct a nasal prosthesis and compare it to the conventional workflow of a patient requiring a nasal prosthesis. A computer tomography scan showing the defect was exported to specialized software to create 3D reconstructions of the patient's face and underlying bone. The nose was digitally designed restoring facial esthetics, anatomy, shape, and skin color. Different skin tones were digitally matched to skin tissues adjacent to the defect area using the Spectromatch system. The design was 3D printed in flexible and colorful material at 16 µm resolution using a 3D printer. External color pigmentations were applied to the nose for optimum esthetics, and the prosthetic nose was sealed in silicone and left to heat polymerize for 15 minutes. The prosthetic nose was retained in place using biomedical adhesive, and the patient was pleased with it. This report proposes a complete digital workflow to directly design and fabricate a prosthetic nose of acceptable esthetics. Such a workflow can lead to enhanced prosthesis reproducibility and acceptability and may become an effective treatment option for treatment of patients with facial defects.
Abstract
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Changes in facial features can deleteriously effect a patient's emotional integrity, self-perception, social interaction, and personality.
1,2 Nasal defects due to trauma can leave devastating marks on a patient's physical appearance and morale. 3 The nose's central location within the face plays a crucial role in daily interpersonal relationships. Its loss can significantly affect the patient's appearance, and dressing camouflage can draw attention to the defect more than masking it. Hence, a removable prosthetic nose can be of significant importance when surgery is not possible. 4, 5 A prosthetic nose aims to restore esthetics and function, provide comfort, and improve overall quality of life. 6 Contemporary digital technologies have been widely employed in medical reconstruction and virtual surgical planning. [7] [8] [9] They have been integrated in prosthetic procedures reconstructing missing facial parts, specifically ears. 5, 10, 11 Digital skin reproduction and 3D scanners and printers have been reported to enhance ear shape and color reproduction. 5, [10] [11] [12] However, the application of digital technologies is still partial, and the final prosthetic ear is usually manufactured conventionally using stone molds. Also, some of these technologies cannot be applied to nose reconstruction, as there is no existing part to mirror as in the case of a unilateral ear. This report aims to introduce a complete digital workflow for complete integration of digital technology to construct a nasal prosthesis and compare it to conventional workflow.
Clinical report
A 27-year-old patient was admitted to the accident and emergency department after a traffic accident. She recovered with a Le Fort II pan-facial fracture, loss of vision in the left eye, and complete loss of her nose (Fig 1) .
Following recovery, the patient was provided with a nasal prosthesis, which was constructed conventionally (Fig 2) . She was informed of an ongoing project on digitizing maxillofacial prosthetic services and was willing to take part in it. The plan was to reconstruct her missing nose digitally, 3D print it, and compare this workflow to the conventional workflow.
Materialise software (CMF Pro Plan; Materialise, Leuven, Belgium) was used to export the patient's CT scan and segment her facial structures. Her soft tissue and hard tissue were segmented individually following 700 to 225 and 226 to 2000 Hounsfield Units (HU), respectively (Fig 3) . The metal miniplates used in fixing her facial bones were segmented separately (at >2000 HU)
The Spectromatch digital color system (Spectromatch Ltd., Bath, UK) was used to record the patient's skin tone. Three e-skin swatches were recorded as described in the literature. The skin tone of the patient's face was monochromatic, as it is segmented directly from the CT scan. Thus, a colored photo of the patient, along with the skin recordings, was used to digitally color her 3D reconstructions (Fig 4) .
Then, a prosthetic nose was designed over the patient's defect using ZBrush software (ZBrush Software; Pixologic Inc., Los Angeles, CA) by means of digital sculpting. It started with a Figure 2 Main stages involved in conventional reconstruction of nasal prosthesis, including impression taking, wax prototype, and silicone packing leading to the final nose in situ. 2D picture imported into Zbrush software to produce a 3D file of her face in color. A Dynamesh spherical tool was loaded and added to the 3D face model. Surfaces were manipulated in a similar way to working with clay or wax (Fig 5) . Then nose color was enhanced to blend with surrounding skin tone (Fig 6) . The design files (of face and nose) were exported as .wrml and were 3D printed in flexible and colorful material at 16-µm-slice thickness using a 3D printer (J750; Stratasys Ltd., Eden Prairie, MN). The flexible material used was TangoPlus (Stratasys Ltd), which has a 26 to 28 Shore A hardness, 0.8 to 1.5 MPa tensile strength, and 2 to 4 kg/cm tear resistance as indicated by the manufacturer (TangPlus; Stratasys Ltd.). The manufacturer has not reported the biocompatibility.
External color pigmentations were applied to the nose for optimum esthetics. The nose was sealed in liquid silicone (P799 Extrinsic Sealant; Technovent, Bridgend, UK), and left to heat polymerize for 15 minutes (Fig 7) . The prosthetic nose fit well, and the patient was happy with it. Medical grade adhesive (S520; Factor II Inc., Lakeside, AZ) was used in retaining the prosthetic nose in place (Fig 8) . This nose acted as an interim prosthesis. The patient was re-evaluated 1 week post-fit, and she was still happy with her interim nose.
The 3D workflow described required significantly less time to produce the nasal prosthesis when compared to the same stages followed by the conventional workflow. A comparative breakdown of all stages is described in Table 1 . 
Discussion
Losing a nose can cause devastating results to the affected, as changes in facial features are likely to be accompanied by various psychological, functional, and cosmetic difficulties. 3, 13 Surgical reconstruction of such defects is often limited by insufficient residual soft and hard tissue and vascular compromise.
14 Hence, a removable facial prosthesis presents an attractive and viable alternative to help patients' reintegration into community and to resume their daily life routine. [14] [15] [16] However, it is a lifelong treatment and requires frequent replacement due to changes in color and structure upon use. Suitable materials with comparable properties to the tissues being reconstructed, along with reliable construction methodology, are crucial for successful prosthesis construction.
This work demonstrated that complete integration of digital technologies for nasal prosthesis production is viable and can lead to significant enhancements when compared to the conventional workflow. The final 3D fabricated nose showed excellent fit over the defect, with margins blending seamlessly with the adjacent defect tissues. This is purely due to the printer capability of printing very fine 16-µm-thick slices. On the other hand, margin thickening was the main drawback presented by another clinical report, when the thinnest margin achieved was 400 µm. 17 The overall shape of the prosthetic nose blended well with the face, but the final surface color required some external pigmentation and enhancement for an optimum esthetic look. This can be attributed to the printer's capacity of mixing colors, as it is not easy to mix skin tones since they are versatile and complex. Similarly, the conventional nose also required fine tuning with pigmentation, and it took the same time as the 3D-fabricated nose.
The time taken to manufacture the nose was 5 hours following the digital workflow, which included the use of specialized software, personal computer, 3D printer, and 1 clinical session. The fabrication time was 8 hours for the conventional workflow, which necessitated at least 3 separate laboratory sessions and 2 clinical appointments. Thus, it can be inferred that the digital workflow is not only a time saver, but is also less laborious and does not require multiple facilities. Additionally, the digital workflow offers advantages of storage space saving and ability of printing the design any time without the need for a special operator or for the patient to be present.
Conventional manufacture of the nose was improved by the integration of a digital scan of the patient's skin tone. The eskin recipe allowed mixing of pre-blended silicones to reach the desired skin tone. Three e-recordings were taken, as the nose is usually variable in color. While e-skin recording has been previously reported for an auricular prosthesis, 5, 10, 11 this is the first time it has been reported with a nasal prosthesis. Having such a digital skin tone recording makes nose construction a more technique-reliable process that provides consistent results, regardless of operator. Hence, practitioner subjectivity can be kept to a minimum.
The conventional method of packing silicone into a gypsum mold and subsequent processing is time consuming and tiring, and requires the presence of both the patient and the treating clinician 18 . With digital technology, fabricating a prosthetic nose can be as easy as pressing the print button. Then it can be posted to the patient. However, the nose color needs enhancement with the presence of the patient, which is a limitation to the current technology. Still, there is great benefit of having digital designs for research studies and sharing with related patients.
Conclusion
This clinical report showed a proposed complete workflow of 3D technologies to directly design and print a prosthetic nose of acceptable esthetics. Such a workflow can lead to an enhanced reproducibility and acceptability and may become an effective treatment option for patients with facial defects.
